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Muddy Waters Group Investigation Executive Summary
Introduction

SARSCoV-2, the virus that causes COWD®, has caused the deaths of over 1,113,000
Americans. COVIDB19 continues to cause serious illness in the U.S. and around the world. Variants of the
virus can cause repeated infection in those previously infected as well as vacdihegedyears after its
emergence in Wuhan, exactly how SARS8V-2 first emerged as a respiratory pathogen capable of
sustained humato-human transmission remains the sabjof active debateExperts have put forward
two dominant theories on the origins of the vitdde first theory is that SARS0V-2 is the result of a
natural zoonotic spillovetThe second theory is that the virus infected humans as the result of a research
related incident.

The information contained in this Source Reference Document refl8atsonths of extensive
research and accompanying analyses of these two plausible hypotheses. This document was the product of
a multidisciplinary effort by medical, scientific, legal, political and general policy analysts to cafsag o
source (unclaged) information relevant to the respective theories. Both hypotheses are plausible. The
natural zoonotic spillover hypothesis is weakened by the absence of key epidemiological and genetic data
from the Huanan Seafood Market. However, data requiregmsua natural zoonotic source is dependent
on information provided by China, and that is incomplete or contradicidrg. preponderance of
circumstantial evidence supports an unintentional reseatated incident.

1. Epidemiology Favors Late OctoberEarly November Emergence

Chinads official p-1® sutbreakdragan ne eatlidr than Décanger 8, Q049. D
Several data sources, however, challenge this assertion. Epidemiological and genetic models indicate that
the likely earliest incidencef SARSCoV-2 human infections occurred midctober to early, mid
November 2019Multiple official, technical and media outlet reports similarly suggest a late October to
mid-November emergence of the virus.

Epidemiological data supplied by China toetWHO during the Chin&VHO 2021 joint
investigationshowed an increase in adult Influerz&e-Illiness (IL1) accompanied by negative laboratory
influenza tests during week 46 (November 11 to 17) 2019 from a single adult sentinel Wuhan hospital.
This atypical finding, described as an epidemiological outlier, was noted by the WHO Scientific Advisory
Group for the Origins of Novel Pathogens (SAGO)
from Wuhan. o

In October 2020, epidemimjists published an analysis using China National Health Commission
data showin@ significant increase in ILI incidence in November 2019. The increase in reported ILI cases

occurred at least one month earlier than the clinical reports of pneumoniamobuwwkn cause by Ch

conventional hospital and outpatient surveillance systdihe number of November ILI cases was
statistically significantly higher than reported in the previous 5 years {2018). These same researchers
recorded the peak of repait€OVID-19 illnesses during Week 6 of 2020he interval from the ILI outlier
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noted at week 46 to the peak COVID incidence is approximately 13 weeKke researchers suggested
that the November ILI spike were unrecognized initial CONMMDcases®

Using similar data, U.S. researchers analyg@4O global influenza surveillance data early in the
COVID-19 pandemic. Their study identified similar epidemiological outliers in influ@ezmtive ILI
incidence that serveak an early indicator of COVH29 cmmunity transmissio®. Influenzanegative ILI
surveillance data from 16 of 28 countries over a-@ar period (2012019) identified increases in
influenzanegative ILI that occurred on average 13.3 weeks before the occurrence of peak-CDVID
incidene. China was not one of the 28 countries analyzed in their study.

The 13week interval reflects the average time from the introduction of SEB&2 to the
maximum incidence of recognized cases. COMID 6 s cl i ni c al characteristic:
acuity illness for the infected majority and severe disease occurring in a minority widxigtiag
conditions may contribute to this apparent latency. In lieu of widespread diagnostic testing, the recognition
of its spread would be dependent on thewalcof severe cases over time. The prevalence of the disease
circulating in a community would not be recognized until the number of severe cases exceeded existing
baselines or hospital capacities.

The ILI increase associated with influenzagative labatory tests in Wuhan during Week 46 of
2019 is approximately 13 weeks before the peak incidence of CQVYIDases in late Januaggrly
February 2020 (Weeks 5 and 6 of 2020). Thus, this may represent the initial emergence @@ARS
in Wuhan. Validatiorof this association requires additional data from China and further analysis.

Eyewitness accounts, media reports, epidemiological modeling and additional academic studies
further support October 28 to November 10 as the window of emergence. Diplcaiatsest at the U.S.
Consulate General in Wuhan have attested to observations of what they believed at the time to be the early
onset of a dédbad flubdé season. TOctebel2@lp,the dedidatedteam | ar C
at the U.S. Consulateg@eral in Wuhan knew that the city had been struck by what was thought to be an
unusually vicious fl u seas o™ ThesE bbservdtions eeaesreortadiad s e n e
the U.S. Embassy in Beijing during this period.

AlJanuary 2021U.S.pear t ment of State factsheet stated t}
reason to believe that several researchers inside the WIV became sick in autumn 2019, before the first
identified case of the outbreak, with symptoms consistent with both CQ9IBhd common seasonal
i |1 n &4 3upes2026 published Harvard University study found an unusual increase in Wuhan hospital
traffic during the same peridd.Satellite imagery showed a significant increase in vehicles parked at major
Wuhan hospital$ anindicator previously established as a proxy for hospital occupancyiratethis
period compared to October and November of 2018earch queries made on the Chinese search engine
Baiduf or terms | i ke ficougho also increa%ed substanti

In August 2021, a veteraiWashington Pogtolicy columnist reported that at least one of the WIV
researchers became ill in early November, 2019 and exhibited symptoms highly specific to-CDVID
including the loss of smell and grougthss opacities in his lungsThe Office of the Director dflational
Intelligencebds (ODNI ) Ulpod aQreidg iAnsss ecsasunteina n eoch tChCavtl Dr
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that several WIV researchers reported symptoms consistent with GO¥IB the Fall of 2019 is not
di agnostic of t he p anfirchedhospital admission gldneveould nit Bevde@agnosticf ¢
of COVID-19 i nf%ction. o

Several media reports provided further suggestive evidence. An Australian journalist interviewed
a frontline Wuhan doctor who conveyed that he and his colleagues sawiagynumber of patients
exhibiting fever and respiratory difficulties in early November, 28Tkhe physicians realized that a
coronavirus, likely SARS, was the causative agent by early Deceffbarther, awuhan University
biostatistics professor gaea interview in which he discussed his work to compile a nationwide database
of COVID-19 case$! According to the epidemiologist, several suspected cases predated the earliest official
cases in December, 2019. i T h e r ith onget oneNoverber 1pand i e n't
November 21, 2019, and five 2Twodahexmediasstletspudlishddor e D
information from leaked hospital data from pneumonia patients in Wuhan with suspected-C@Vifese
reports identifiedwo separate suspected caasters in early October and November 28£9.

Unpublished Peoplebdbs Republic of China-l9 PRC)
case in mieNovember.A veteranSouth China Morning Poseporter reviewed an official China CDC
document that showed a-yBarold from Hubei province contracted the virus on November 17, 2019. It
is the supposed earliest publicly confirmed case of COMAEB® On November 25, 2019, a 3&arold
Welsh teachein Wuhan fell ill with flu-like symptoms. The teacher developed pneumonia on December
6, 2019 and was hospitaliz&On January 16, 2020, the hospital informed the teacher by letter that he had
been infected by the novel coronavifas he timing of thenitial COVID-19 cases is not by itself revealing
of the origins of the virus.

2. Precedent of Zoonotic Spillovers & Likelihood of an Animal Origin

In a vacuum, the natural zoonotic spillover hypothesis is a plausible explanation for how the
COVID-19 pandemic started. Applied to the facts here, however, there are a number of gaps and anomalies
in the SARSCoV-2 outbreak. The early COVH29 pandemic is different compared to the emergence of
infectious diseases via past natural zoonotic sglevmost notably the 20904 SARSCoV outbreak.

Recent natural zoonotic spillovers of respiratory viruses with pandemic potential have left behind
evidence of where and how they occurf&fihough the number of such occurrences is relatively fely, ear
or failed animato-human transmi €sidons,pibobfovidesad typically
evidence. This evidence is in the form of antibodies in humans and animals that were exposed and infected
but did not effectively transmit the virus others?® Failed transmissions also typically leave behind genetic
evidence®® Samples retrieved from infected humans during the 2008 SARS outbreak contained
genetic mutations that reflected its circulation and adaptation in palm civeisteimeediate species, for
example!

It would be expected that environmental samples collected from wet markets that were positive for
SARSCoV-2 would likely show evidence of animal genetic adaptation. A study authored by the former
Di rect or CbG Ge@deiFm@ad,snalyzed 1,380 samples collected from the environment (923)
and animals (457) within the Huanan Seafood Market in early 2020. His study identified 73CRARS
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positive environmental samples. Three live viruses were successfully dstrlate these environmental
samples. None of the samples taken from the 18 animal species found in the market were positive-for SARS
CoV-2. The three live viruses from environmental isolates were sequenced. These viruses shared 99.980%
to 99.993% similaritywith human isolates recovered from Wuhan (HCoV/Wuhan/I\B®>01) and

showed no evidence of animal adaptatfon.

Two sets of evidence that have been used to support a spillover origin are discussed later in this
report; the location in the market wherasitive environment detections of SAR®V-2 were obtained,;
and the existence of two lineages of SAB&V-2 among the earliest known cases.

Like the 2003 SARS outbreak, H7N9 influenfiest reported in China in March 2013, started with
multiple indepadent viral introductions into humans across multiple disparate locations. The total number
of human H7N9 infections numbered less than 3dMe natural zoonotic spillovers of 2003 SARS and
2013 H7N9 influenza occurred in multiple locations over seveaaths, while the SARE0V-2 outbreak
originated in one location, Wuhan, over a few weeks.

A number of epidemiologists, virologists and, at first, the Chinese government have asserted that
the COVID-19 pandemic originated from a natural zoonotic spilfawecurring at the Huanan Seafood
Market in mid to late December 2019. They declared that this was the origin of the pariti€mica
Government officials have subsequently asserted that S2&R&2 was imported on the surface of frozen
seafood, by infeetd people or animals or originated from a U.S. military laboratory. Support for these
alternative theories is limited to governmewontrolled publications in China and are not crediblEne
limited epidemiological data provided by PRC officials contgteehamstring efforts to better understand
the early trajectory of the virus. PRC officials continue to suppress and manipulate dO\dHa.

As recently as January 202Beutersr e por t ed t hat-19d&4is noadgivelg ad OVl D
accurate picturefdhe situation there and underrepresents the number of hospitalizations and deaths from
t he di sease, a senior offici @AsastahedWbdbn!l dheéelewWHODS®
Scientific Advisory Group for the Origins of Novel Pathogenr e por t : A To date, neithe¢
nor the natural/intermediate hosts have been iden

The absence of key epidemiological and genetic data of the initial outbreak raises questions about
the likelihood of the Huanan Seafobthrket serving as the location of SAR®V-2 emergence. Data
supports the presence of potential susceptible animals such as palm civets and raccoon dogs at the Huanan
Seafood Market. There have been no documented positive-8ARS animal samples from anyuhan
wet market. Nor have vendors of these animals tested positive. Further, the suspected natural hosts, bats or
pangolins, were not sold at the Huanan market. The initial response efforts by local authorities to
immediately close the market, removelale animals and sanitize the facility could have impacted the
likelihood of recovering viable environmental samgfeBhe genetic sequencing of environmental samples
recovered from the Huanan market, however, shows them identical to recovered huicarsalinples?

To date, China has not acknowledged the infection or positive serological sample(s) of any
susceptible animal prior to the recognized outbreak. Genetic analysis of publishedC®8¥Requences
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from the early outbreak does not showidewce of genetic adaptation reflecting passage through a
susceptible animal species such as a palm civet, raccoon dog dfhiitk. this end, no intermediate host
has been identifietf.

Despite these facts, three data points do prekentselves to support the zoonotic origin theory.
First, approximately 33 percent of the earliest known human C&\Ibases (with symptom onset dates
in mid- to lateDecember 2019) were associated with the Huanan Seafood Market in ¥¥Geaond,
severabnimal species susceptible to SARSV-2 were sold live and in poor animal welfare conditions at
the markef? Finally, the identification of genetic sequences of raccoon dogs in samples taken from the
market in early 2020 confirm that this susceptibieimediate host was at the market at the time of the
outbreak. As notediit her e i s no da tCa\R2avdtls the presdnde nof) anySoh tRé&se
a n i m#AThese data themselves, however, do not explain the origin of the GOd/landemic.

3. Plausibility of a Researchrelated Incident & Laboratory -acquired infections

There are a substantial number and diverse ways resedatéd incidents can occtirincidents
that result in infections are classified as laboratmguired infections. According faublished research,
the cause obver 80% of laboratory-acquired infections (LAI) are never conclusively determined’
Only 18% of the infections were due to identified accidents caused by carelessness or hunfan error.
Factors that contribute to the risk of such incidents are sefeddalYounger workers, those with less
technical training and men experieno®re accidents than older workers, those with more training or
women?® The recognition and isolation of a nemfactious agent can result in a LAl caused by the new
isolate but not be recognized, for exantfle.

The risk of exposures to infectious agents is a function of safety training, safe work practices, safety
equipment and laboratory desidnfectious agent research includes exposures to higher concentrations of
infectious agents than found in clinical diagnostic laboratSti#®e common routes of exposure are
ingestion, percutaneous inoculation (neestleks, cuts, animal scratches ante§) and inhalatioff. Of
these, inhalation represents the most insidious avenue of infection because aerosols and droplets are often
invisible and difficult to detect

Chinads entry into highly pathogerldi980dgent res
several decades after many developed countries began their ¥ftthitsa lagged behind in biosafety
concepts, relevant standards, practices for-higttainment laboratories and research and development of
biosafety equipmertb.As a consequerg China could only domestically produce a portion of biosafety
equipment needed and were dependent on foreign sources.

After the 2003 SARS outbreak, China prioritized constructing a national network of biosafety
containment laboratories. It created apert laboratory biosafety team. Laboratory biosafety laws,
regulations, standards, and guidelines were drafted and pubiBleed.pi t € t hese achi eveme
progress in biosafety advanced slower than its aspirations for and efforts in researbly afdtigpgenic
microorganisms. Its capacity for innovation remained widke creation of independent intellectual
property rights supporting research and development of domestic biosafety techniques and equipment fell
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short of western countri€sChina still faced many laboratory biosafety challenges that was subject to
both international and national concern.

Whil e any |l aboratory is susceptible to LAI 6s,
guestion whether the potential benefitdhte gai ned from the WIVés coronayv
genetic manipulation and creation of chimeric viruses was worth the considerable risks to publi® health.

In 2017, other scientists warned of the potential -hsal applications of such research, and worried about

ipat hogens escapingo in light of Chinads history
SARS?®*® These warnings coincided withtoep e ni ng of the WI V6s Biosafety
January 201%° A January 2018 U.S. Departmteof State cable e por t ed t hat ithe new
shortage of appropriately trained technicians and investigators needed to safely operhighthis
contai nment®®Thab acraatl cer yf.wr t her cautioned that t he
potentially posed a risk of a SARSlated pandemi&The WI V6s research focused
coronaviruses, but other Wuhan institutes (Wuhanktamizhong Agricultural Universities) and agencies

(Hubei and Wuhan Centers for Disease Control) conducted research onatéteal coronaviruses.

In March 2019, then CCDC Direct@eorge Gao warned about potential natural, accidental, and
deliberate bitngical threats. He specifically identified laboratory risks:

A potential major risk stems from stocks of concentrated infectious

pathogens stored in laboratories and the absence of adequate biosecurity

measures. Nenompliance of approvetiocontainment and biosafety

protocols could result in accidental or deliberate release of pathogens into

t he environment é[ Gl enetic modi fication of
expand host range as well as increase transmission and virulence, may

result in new riks f or epi de miodgné3ARSlikeh et i c bat
coronaviruses acquired an increased capability to infect human cells. Thus,

modifying the genomes of animals (including humans), plants, and

microbes (including pathogens) must be highly regulted.

In May 2019, Yuan Zhiming, the General Secretary of themmunist Party of China (CCP)
Committee of the Wuhan Branch of the Chinese Academy of Sciences (CAS), thus responsible for oversight
of CAS activities in Wuhan, and Director of the WIV National Biosafetigoratory (BSL4 ) ; ec hoed Gac
concerns. Zhiming specifically expressed issues Wwi
funding for laboratory construction, operation, and maintenance. He highlighted neglected maintenance,
insufficient ogerational funds, and a lack of specialized managers and engineers to operdtéaBSt
Zhi ming also urged authorities to fApromptly revi
standards of bio®%afety and biosecurity.o

On April 3, 2019, te WIV held its annual conference on laboratory security and $&fétie

WI Vs director delivered opening remarks stating

and guarantee for succeedi ng ®8he camtinled with thettteme od t h e r

hol ding researchers accountable for safety incide
11
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must be carried out in strict adherence to professional standards and procedures with no tolerance for any
kindd wi shful thinking and that steps must ®be taken

That same month, the WIV submitteddf3L7 total patents submitted in 2019 for biosafety related
improvements. The applications covered a range of retradians for physical containment (hermetically
sealed doors), wastewater treatment, decontamination (autoclaves and chemical showers), and maintaining
negative air pressure in the highntainment laboratories (exhaust air management). The numberraépate
by itself, is not unusual. Higbontainment laboratories constantly seek to improve, through innovation, the
biosafety posture of their facility. The nature of the issues and problems the WIV was remediating is
revealing to their state of biosafetythat time.

One patent addressed the problem of maintaining airtight seals <igtgadoors and cites the
potential problem of existing door seals that developed slow leaks over time. Another patent addressed
developing amanually operated auxiliaryxbaust fan to maintain negative pressure and improve
disinfection of bi osec §Anothgr ddsaiied impraviog theedesign ahdE P A f
operation of biosafety autoclave sterilizefhis patent described problems of being unable to aehiev
required sterilization temperatures, potential leaks around the autoclave doors and excessive condensation
of autoclaved infectious materidfs.

Despite these apparent bi osafety challenges,
potential humampandemiecausing SARSelated coronaviruses and medical countermeasures to mitigate
them. In pursuit of this task, researchers collected hundreds of-8&&d bat coronaviruses from across
China and Southeast Asi@he risk of researchelated incidentdegins with field expeditions where
researchers first collect bat samplése WIV and other Wuhan institute (CCDC) researchers operated in
a challenging setting with limited light and sometimes only with partial personal protective equipment and
exposedskin. It also placed researchers at considerable risk for potential bites, scratches arstinkedle
injuries while collecting field samples from bats.

As a result of field expeditions by 2019, the WIV had collected, at a minimum, approximately
20,000 tat and other animal virus samples from across CHilah e WI Vdés formerly puktk
reportedly contained more than 2,000 entries consisting of sample and pathogen data, including full and
partial viral genomic sequences, collected from bats raite. The database also reportedly held an
estimated 100 unpublished sequences of thedmetanavirus subgenus to which SARSV-2 belongs?

The existence of these undisclosed sequences raises the possibility that strains may exist that are closer
progeritors to SARSCoV-2.

After collection, samples were transported back to Wuhan. These isolates routinely underwent
initial evaluation in BSE2 settings where they were first evaluated, usually by graduate students, for the
presence of SAR®lated bet@oronaviruses. If viruses were present, researchers then attempted to isolate
and sequence the virddFull length viruses were then grown in a variety of cell cultures including human
cells to assess the ability to infect different cell types. Viruses that could infect human cells would then be
tested for pathogenicity in humanized mice or susceptil@enmd@diate hosts such as palm civets in BSL
laboratorieg? Finally, researchers evaluated the effectiveness of existing medical countermeasures against
these newly discovered viruses.
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If researchers failed to recover a fldhgth viral sequence, theyould attempt to isolate the spike
protein or the part of the spike that attached to the cell (the receptor binding domain) of the discovered viral
fragment. To evaluate the pandemic potential ofviable coronavirus fragments, researchers spliced the
sajuence of the spike protein or its receptor binding domain onto already characterized viableBfdRIS
viruses creating chimeric viruses that could grow in cell cultuarting no later than 2017, WIV
researchers created chimeric viruses that hdadngially greater human affinity (transmissibility) and
virulence’® The resulting chimeric SAR&lated viruses would then be evaluated for its infectivity in
human cells and pathogenicity in humanized mice.

In 2018, their research interests expandet thie intent to artificially insert genetic sequences for
human furin cleavage sites to evaluate their pandemic causing potential inr8laR8 coronaviruses.
Furin cleavage sites (FCS) are found in other human pathogens such as avian influenza, Ebgland
viruses and are known to increase their infectitity. 2018, no SARSelated virus had been found with
a complete FCSAnother Wuhan research institute demonstrated the precedent of inserting an FCS into an
animal (pig) alpha coronavirus in 20X6r example’®

In March 2018, EcoHealth Alliance with the WIV as a collaborating institute submitted a grant
proposal titled HAProject DEBUSE: CDebbmsavngusdeo Th
Advanced Research Projects Agency (DARPARedde expanding the process of evaluating newly
discovered spike proteins on chimeric SARSted viruses, researchers proposed artificially inserting
Ahunrsapneci fi co FCS to evalwuate their effects on v
humanizd mice?° These experiments could create chimeric SARSted viruses with FCS that had not
yet been found or perhaps did not exist in nature. DARPA did not approve or fund this proposal.

One of the notable genetic findings of SARBV-2 is the presercof an FCS. Itis the first SARS
related beta coronavirus found with ctdts presence in SARS0V-2 has been the subject of active
scientific and public debate since the beginning of the pandemic. It is assessed to be an essential
characteristic restihg in the high human infectivity and pathogenesis of SARY-2 82 fiThe presence of
a furin cleavage [site]é is theref or efnmnigulatiory unust
that has recently gained considerable attention as a possiteof SARSCoV-2 8dhe intent to insert
an FCS highlights the additional risks experimenting with chimeric viruses with enhanced infectivity.

Widely accepted biosafety guidelines hold that initial evaluation of SAR®ed bat coronaviruses
shouldbe conducted in at least B&.laboratories because of the risk of creating infectious aefdsols.
National Institute of Health guidelines specify, however, that research that create chimericesR&b
coronaviruses that results in a virus that can infect human lung cell culture or humanized mice should be
conducted in BSt3 level conditions or ab@?® Experiments conducted at enhance BStonditions at a
U.S. university in 2015, spliced a spike protein from a fragment of a SAR®&d virus onto a viable
(backbone) beta coronavirus that was then grown in culRedorming this experiment at an enbad
BSL-3 level was justified because thesulting SARSelated chimeric virus could infect human airway
cell s and ha daugelpathogerediseivoa hd| esoafie curfrent therape
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By contrast, the WI VGO0 dyalmwed ssackearthers, maiudingaeiaduatee s a p
students, to conduct initial evaluation of SARSated bat coronaviruses in B&Llaboratories$! For
example, a WIV graduate student conducted similar coronavirus research as the U.S. university, creating
chimeric SARSrelated viruses able to infect human cél¥he WIV graduate student described the
process of Arescuingd coronaviruses that were dif
dissertatiof®The st udent i mpdlifecaton andceltitieation eRpprimpritsef live [SARS
rel ated] virus (including recombi na&rétl aborasesy i
compliance with [ WI Yiha writem mtarfiesvtpryvidedaSgianceand published o
July 31,2020 hi Zhengli confirmed that at | east some of
in BSL-2 conditions’ Only after the outbreak of COVH29 did laboratory safety guidelines in China
require coronavirus research todmnducted at minimum of BS8 conditions’?

At least until the COVIB19 pandemic, it is apparent that researchers at the WIV were working
with SARSrelated coronaviruses in inappropriate biosafety levels. One goal of this research was to identify
and ealuate SARSelated viruses that were more capable of infecting humanloeh® two years leading
up to the pandemic, publications by and intervi
sophisticated coronavirus experiments using humanizee, imats, and palm civets to achieve this §tal.

4, Summation of Events Leading to the Pandemic

The full scope and scale of animal experiments conducted at the WIV in 2018 and 2019 are unclear.
As of 2018, the WIV was infecting transgenic mtbat expressed human ACE2 receptors, the receptors
known to be utilized by SARS coronaviruses to gain entry into human cells and palm civets with chimeric
SARSrelated coronaviruse$.The limited published information on the results of these experiments
indicate that SAR®elated bat coronaviruses could infect and cause low pathogenicity in humanized mice
and no pathogenicity in civetsThe full results of these experiments have never been published even
though Shi Zhengli said they would $eConsequetly, the WIV as a sulgrantee of NIH grants, was
terminated for failing to produce its laboratory notes and other records relating to these exp&iments.

Nonetheless, it is clear that the convergence of sophisticated coronavirus research, government
dermands for scientific breakthroughs and biosafety problems at the WIV appears to have peaked4n the late
summer or earhall of 2019%° From June to August, 2019, WIV leadership published multiple reports
expressing concerns about biosafety shortcomingstallieited availability of equipment and trained
personnel® Multiple PRC government medical and public health entities in Wuhan began procuring
pathogen detection (polymerase chain reagB@R) instruments and conducting infectious disease
outbreak exeises and drill$%

In mid-September of 2019, the WIV took their sample and sequence database offline and enhanced
physical security of its campus. Wuhan officials conducted an emergency response drill on September 18,
2019 at its international airpoftdt included identifying and responding to an arriving passenger infected
with a novel coronaviru8?Al so i n September 2019, Chinabds Nati or
legislation to strengthen the management of laboratories involved in pathaggamnche and improve

adherence to national standards and requirements for biosafety. It specified that:
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[Llow-level pathogenic microorganism laboratories shall not engage in

pathogenic microorganism experiments that should be conducted in high

level pathoge i c mi croor gani s flevell pathogeniat or i es é Hi gh
microorganism laboratories engaging in experimental activities of highly

pathogenic or suspected highly pathogenic microorganisms shall be

approved by the health or agriculture and rural authorities @bave the

provincial level. For pathogenic microorganisms that have not been

di scovered [ not found i n natur e or have
experimental activities shall not be carried out without appré¥al.

During the week of November 11 to 17, 20fwo publications of interest were noted. A November
12, 2019 report first published in August 2019 was reposted by the WIVABSL abor at oryés Co
Party Branch. It explicitly referenced the challenges that the researchers had to overcome shiegtabli

their |l aboratory: the fAbhbbregqunpihentdt Asdtheghdebkog]
and construction teams, and no -exgneent l@oatcgy'loper at i
this same post, they described overoaithese challenges but unlike the August version it dettiked

ri sk of potenti al |l aboratory |l eaks and infection

pat hogen mi &Ther pasitsmd s®@ descr i bed dtoh a theargdSe.r vy t
members would resporief

A few days later, a second article was published on November 15, 2019 in a Wuhan daily
newspaper. Entitled AExplore the | nstuseadtolbeoneof Mod
of the battlefields agai nst ail&Ahe Bisiorioraennptie dnstitute ina d d e d
SARS related vaccine research. It also stated that the animaBB&horatory had undergone renovations
in 2015 and was fAcurr endalpydo d°4Thidinatcurate polsibly deeeptivep r o c e
story, contradicts 2018 published research in the jolriralogica Sinicadescribing a SARSelated
vaccine challenge study in Rhesus monReys perform

On November 19, 201¢he WIV hosted a special senior leadership biosafety and security training
session. The session was led by the senior CAS biosafety/biosecurity official who traveled from Beijing to
relay Aimportant or gish)aomdeniowrrPRG dership fo the WIV vegatding n s 0 (
the Acomplex and gr ave s iFwmthe report, ECP teadarship jvdseinmdes e c u r
aware of fAsafety and s éUAutheisameg sessmm, theéDepus Dicets of the t h e
WI Vé6s OBhAfeeyoaind Security fApointed to the severe
safety dangers, and stressed that the rectification of hidden safety risks must be thorough, and management
standar ds mu s TheNovember 19,12G19 sedeadership session was followed by a two
and a half day remedial biosafety training course for WIV researchers and individuals from other Wuhan

research institutes, including the Wuhan University.

November 19, 2019 is the same day that the WIV issubdrasuspense, sole source procurement
noticef or an air incinerator to address some probl em
downtown campus. The need to install air incineration to the autoclave exhaust after serial HERA filtrat
suggests some concern about the risk of an infectious aerosol escape. This procurement may be related to
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an April 2019 WIV patent describing changes in the design and operation of biosafety autoclaves at the
WIV.12The changes appear to be at varianite standard biosafety autoclave procedures.

Two other WIV patents submitted on November 15, and December 11, 2019 address the potential
for researctrelated accidental puncture wounds and a failure of HEPA filtration for specialized -animal
related bioontainment transportation equipment due to possible corrt$iéhThese patents raise the
possibility of other potential biosafety issues occurring contemporaneously with the initial outbreak of
SARSCoV-2.

An additional WIV patent submitted a year later on November 13, 2020, outlined the need to
reformulate a liquidiisinfectant used in high containment laboratories. As describedtdomguse of the
disinfectantcauseic or r osi on of met al components such as stz¢
of é facilities and equi p museedorib losses,cut alsotlead testleer v i C €
escape of highly pathogenic microorganisms into the external environment of the laboratory, resulting in
l oss of 1ife and pr ope r'tWhetleentdis paréculdar WiV spatentoreflecss | pro
remedidactions to address corrosion problems identified in the December 2019 patent is not known.

November 2019 also appears to be the timeframe that PLA researchers began development of at
least two SARSCoV-2vaccinesPe opl eds Li ber at isoozhouAusery Direckbiofthe Pr o f €
5th Institute at the Academy of Military Medical Sciences (AMMS), worked with the WIV, and possibly
at the WIV, episodically, for several years prior to the pandéththou or AMMS researchers may have
been working at the W no later than the Fall of 2019 conducting research for a paper that he coauthored
with two WIV researchers, Shi Zhengli and Chen Jing, on a known adverse effect ofSlARS vaccines
and antibody treatment$’ There is reason to believe Zhou was egghin SARSrelated coronavirus
animal vaccine research with WIV researchers beginning no later than the Summer or early Fall of 2019.
Zhou submitted one of the first COVADO vaccine patents on February 24, 2620.

The patent includes mouskerived sewlogical data from vaccineelated experiments which
experts, consulted with during this investigation,
began work on vaccine development before the known outbreak of the CO®Handemic in late
Deember 2019. The research required both access to the sequence of and the IMeoSARErus.

Several experts assessed that Zhou likely would have had to start this vaccine development research no
later than November 2019 to achieve the February patbntission date. Zhou later published transgenic

mouse infection and vaccine challenge studies in mice, including humanized mice ahdnram
primates'’®20121The | ocati on(s) where Zhoudés animal wvaccin
disclosed???3 There is reason to believe that these vaccine experiments were performed at the original

WI Vs downt own Wuhan campus stute of AnsmaliMbdelylocatéd t he W
approximately a mile from the WIV.

PLA AMMS Major General Wei Chen led a second, separate, effort to develop another candidate
COVID-19 vaccine. Chen collaborated with the China stataed biopharmaceutical company&harm.
Chenb6s vaccine experi ment s -mmantprintatesnoecariedattde Harbic e, f |
veterinary research facility BS4& laboratory in northern Chinfd* Human clinical trials began in mid
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March 2020. Chen submitted a patent for vezcine March 18, 2023°Based on this timeline, experts

believe Chen would have had to begin her vaccine
vaccine candidate was also dependent on the availability of SR 6 s geneti c &equence
not be published until January 11, 2020. However,

efforts were associated geographically or temporally with the initial C@\8Dutbreak in Wuhan.

During the same time period as experts suggesi Bhgan vaccine development against a SARS
related coronavirus in late fall 2019, likely at the WIV, Wuhan experienced an increased incidence of
influenzalike-illness (IL1).1? The U.S. State Department and other media reporting indicated cases of
COVID-19 may have occurred as of mitb late October or early to midovember 201927128 As noted
earlier, an ILI spike coincided with negative influenza reporting for week 46 of 2019 (November 11 to 17).
This epidemiological outlier comports with published analgsiggesting itmay be an early indicator of
COVID-19 community transmissior® This increased ILI incidence occurs approximately 13 weeks before
the recorded surge of COVIDO cases in Wuhan in early February 2020. Validation of this finding,
however, is precluded by the lack of access to the underlying source data providedixHieWv China.

Despite evidence supporting the plausibility of both hypotheses, critical gaps in data and
information remain particularly substantiating a zoonotic outbreak. Further investigation and examination
are required to address outstanding quastjmertaining to both possibilities. The confluence of potential
ILI incidence in Wuhan in early to miNovember coincides with anecdotal reports of early cases of
COVID-19. It also comports with several accepted epidemiological and molecular modeldimgtima
COVID-19 initial emergence in Wuhan. It also coincides with remedial and respelaged actions taken
by WIV and PRC governmental officials.

The preponderance of information supports the plausibility of an unintentional reselateld
incident hat likely resulted from failures of biosafety containment during SARS-2 vaccinerelated
research. The identified underlying biosafety issues increased the likelihood that such containment failures
were not immediately recognized. The possibility alemoegnized biocontainment breaches combined with
SARSCoV-26s <clinical characteristics of asymptomat.i
infections, likely confounded early recognition and containment of the initial outbreak. Such initial
unrecanized infections could serve as the nidus of the outbreak of CQYID Wuhan and is a plausible
proximate cause of the pandemic.
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a. Table 1.

Pros & Cons of Zoonotic Origin Hypothesis

PROS

CONS

Historical Precedent; SARS BIERS

No animal intermediate host identified:

Bat coronavirus like RaT<&3 & Banal series with
>96% similarity to SARSCoV-2 found in nature

No animal or human serological (antibody) evidence
infection in either human or animals associated with
the live animal supply chain of the Huanan animal
market prior to the recognized outbreak

Presence of susceptible (palm civets, raccoon dogs
mink) live animal markets in Wuhan

Timing: December market associated cases unlikely
first cases of COVIBL9

Wet Market animals maintained in poor conditions

Geography: Location of outbreak (Wuhan) consider
negligible risk for natural bat coronavirus emergenc

Positive environmental samples from the market frg

the western section that traded wildlife/animal progy
implicating the presence of racoon dogs in proximity
environmental samples positive for SARSV-2

Lack of genetic adaptation to animal species (highe
initial affinity for human tropism & transmission
SARSCoV-2 > SARS)

Mutations post human spillowéncreased viral fithess
in humans

Lack of multiple emergence/introduction events four
in previous zoonotic related outbreaks.

Lack of documented infection in wet market animalg
animal vendors or handlers

Presence of Furi@leavage Site

High degree of human homology of environmental
samples from the Huanan Seafood Market center
around bathrooms

Chinabs competence inve
outbreaks. (e.g., 2016 & 2019 Swine Acute Diarrheg
Syndrome)

b. Table 2. Pro & Cons of Researchrelated Origin Hypothesis

PROS

CONS

Biosafety issues at the WIV & other laboratories

Lack of published/known precursor or backbone virl
like SARSCoV-2 at the WIV

Required remedial biosafety training & possible
corrective actions (air incinerator etc.)

Zoonotic Historical Precedent; SARS & MERS

Documented WIV Coronavirus recombinant researd

Bat coronavirus like RaT&3 & Banal series found in|
nature

Conducted in BSI2 settings

Presence of susceptible (palm civets, raccoon dogs
mink) live animal markets in Wuhan

Geography: Location of outbreak in Wuhan (Wucha
District)

Wet Market susceptible animals maintained in poor
conditions

Presence of Furi@leavage Site

High degree of genetic homology of initial strains

Animal cases secondary to human exposure (mink,
cats, hamsters etc.)

Flawed highcontainment (BSt3 & 4)laboratory
design with possible documented biocontainment
failures/vulnerabilies

Reports of WIV researchers becoming ill with
symptoms and clinical findings (loss of small and

groundglass opacities on chestrays)
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Introduction

Part | of this reference document covers a number of matters relevant to the origins e€8%RS
2 and consists of six Chapters. Chapter 1 provides background information related teCE¥%RS
including an explanation of the unusual genomic featuresciiatribute to SARSCoV-2 6 s pandemi c
potential. Chapter 2 examines the available evidence in an effort to create as compretfidinselme
into the initial outbreak of SARE0oV-2 in Wuhan as is possible. Chapter 3 details anomalies and
shortcomingsinGhnadés response t o t-Qo¥-2somstd promide cantext forwleya k o f
critical information that would shed light on the origins of SAR&V-2 is not available.

Chapters 4, 5, and 6 address the available evidence in support of the hypothesis thR@bSARS
infectedhumans as the result of a zoonotic spillover from an as yet unidentified animal.

Chapter 4 serves as an introduction to the zoonotic hypothesdetail$ past zoonotic spillover
events, suchasthe 20020 04 S ARS epi demi c. It provides an over
and infectious disease surveillance program. Lastly Chapter 4 provides summaries of more recent zoonotic
spillovers with aremphasis on the response to such events by the GovernniemPod o p| e6s Republ
China (PRC).

Chapter 5 reviews the available evidence on the investigations and data released by the PRC to date
on the origins of SARE0V-2. The first section detailthe early investigations by PRC public health
officials and scientists into thele ofthe Huanan Seafood Market. This section includes evidence of live
animal sales at the market and a review of the evidence that the Huanan Market, or its supplehain,
the location of the zoonotic spillover of SAR®V-2. The second section details the available information
on retrospective investigations by PRC public health officials, including their failure to find any evidence
that SARSCoV-2 circulae in humars prior to December 2019. The third section reviews the results of
animal surveys conducted by PRC scientists to identify the intermediate host of GARS as well as
studies on SAR&0V-2 infections and transmission in various animal species, inclugipgrimental
infections and natural infections caused by huiteaanimal transmission of the virus. Finally, this section
also evaluates the leading candidate intermediate host species based on susceptibilityGo%2RRHd
evidence that the speciessva the Huanan Market and Wuhan area live market supply chain.

Lastly, Chapter 6 examines the available evidence in support of a zoonotic origin for(@ARS
2. Itis organized into three sections. The first section outlines the hypothetical spillthweaypaf SARS
CoV-2 from its most likely viral reservoir in horseshoe bats in Southern China and Southeast Asia to
Wuhan. The second section identifies critical evidentiary gaps that prevent this investigation from
concluding that the SARE0V-2 pandemics the result of the natural spillover of SAR®V-2. The third
and final section details outstanding questions that, if answered, would increase confidence in the possibility
of a zoonotic origin for the pandemic.

Part 1l of this reference document will examine the available evidence that-SAR2 emerged
as the result o& researctrelated incident at the Wuhan Institute of Virology or one of the several other
research institutes conducting coronavirus reseaiztdd in Wuhan. Part Il consists of four chapters.
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Chapter 7 serves as an introduction to Part Il. It provides an overview of how restaret
incidents, where a researcher is exposed or infected with an agent, occurdortajhment laboratories
Chapter 7 also explains the history of higintainment laboratories, including notable past laboratory
accidents, as well as the differences between the four biosafety levels and the key principles of biosafety
design.

Chapter 8 summarizes the deyelme n t of € bnitainraedtdabohatorip and biosafety
framewor k. This chapter includes a review of Chin
high-containment laboratories and primary source accounts of shortcomings and chalieng€shii na 6 s
management of highontainment laboratories.

Chapter 9 provides an overview of the Wuhan Institute of Virology, including its history and
laboratories. Chapter 9 also identifies other Wuhan area research institutes that conduct coronavirus
resar c h, the most rel evant of which may be Wuhan
information this investigation was able to uncover regarding biosafety problems at the WIV in the months
and years leading up to the pandemic.

Chapter 10 detasl avail able information regarding the V
chapter examines the full spectrum of WIV coronavi
in Southern China and Southeast Asia through to viral growth experimealgng humanized mice and
other animal models. Chapter 10 also looks at collaborations between the WIV and western research
collaborators and the sophisticated research the WIV was undertaking #2@04.8vith coronaviruses.

Finally, Chapter 11 combeés the information and evidence presented in Chapters 7 through 10 to
identify the most likely ways that a researeffiated incident could have started the COMI®pandemic.
Chapter 11 is divided into four sectiofi$e first section of this chapter exen@s the possibility that the
WIV may have had SARE0V-2 or a close progenitor virus in its possession prior to October to November,
2019. Section two identifies potential risks by analyzing specific published WIV research, internal reports,
procurementsjntellectual property and available epidemiological data and modelinternal WIV
administrative and Chinese Communist Party (CCP) branch reports uncovered during this investigation and
WIV patents and procurements suggest officials were aware of ietwdniosafety and biosecurity
deficiencies that needed to be remediated.

Section three presents scenarios based on available evidence to illustrate how-relsgadch
incidents might have resulted in human infection(s) with the virus. The fourthrsildittifies outstanding
questions relating to the plausibility of a reseamglated incident. It identifies critical gaps in information
and understanding of the origins of SARSBV-2 and the pandemic. Addressing these gaps could provide
greater clarit and certainty intohe origins of the virus and the circumstances around the outbreak.
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Methodology

The investigation followed two established analytical formEie first, Analysis of Competing
Hypothesesis a techniqueisedwhen there is farge amount of data to absorb and evaltitie is
perceived most effective with a small team that can critically evaluate the evidence. The approach
identifies alternative explanations (hypotheses). All reasonable alternative hypotheses are ideatified,
the evidence is arrayed against each hypothesis. The process follows these steps: 1) Brainstorming
among the team to identify diypotheses?) Each hypothesis and shigpotheses are considered as is all
the supporting and contrary evidence. Thaleation of all evidence helps disconfirm rather than confirm
hypotheses.

Second, hie investigation used an A and B team analyi$iss approachecognizes that there
may be competing and possibly equally strong rsiets held on an issue thregedgo be clarified The
two teams led by the attorneys performed a competitive analyses using legal evidentiary rules supporting
each of the two origihypotheses. The TeamA/TeamB approach is characterized by an analysis and
debate phase. The analysis phdeeclops the best case for each hypothesis. All pertinent information is
reviewed that supports the respective hypotheses. Missing information thidthwmttress either
hypothess is identified. The debate phase allows each team to present and argue their case in support of
their hypothesis, challenge the other te&moés argu

Thecoreinvestigativeteamwascomprised of two attorneys, three research assistants, a China
foreign area specialist and two (a medical and veterinarian) epidemiologists. The core group was
supported by an outside scientific advisory group consisting of three former Uddahatgh
containment laboratory directomedical infectious disease physician, medical epidemioldgist,
veterinarianstwo hiosafety experts, ansvo molecular biologists. Additionallytechnical experts were
consulted on topics ranging from sgdecbiosafety equipment and processes, vaccine development and
production and animal experimentation.

The lines of inquiry followed several topidstincluded: epidemiology, molecular (genetic)
signatures, medical countermeasure development, biosafeparpdness and response, and political
legislative action. Data collected was limited to ogenrce, unclassified information. Information was
subject to review to evaluate its authenticity, factual content and validity.

Sixty subject matter expenwtedauthorities olacknowledgedpokespers@roncerning the
issue of COVID19 origins were interviewed. Some were interviewed multiple times to elicit their
insights and sources of information. Additionally, over 600 peer redewd public articles were
assembled into a bibliography that served as a resource base. Language translations were performed
iteratively using automated language translations using GOOGLE TRANSLATE and DiEé&dthms
Machine translations were then subjecteview by expert translators to verify the content and determine
the context of the original text. ®reference document was subject to critical technicabaaditical
review by 24 outside subject matter experts in the fields of epidemiology,ineeditology, biosafety,
intelligence analyses, and China studies.
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Figure 1. Graphic depiction of two origin hypothesegh attendant sulwypothesesZoonotic & Researchelated

Study Limitations

From the outset of this investigation, it was evident that access to early epidemiological,
molecular (genetics) and supportimgman and animallinical informationabout the pandemisould be
difficult. China delayedelease qfwithheld and censoradlevantscientific information and datalhe
earliest evidence of this limitatiomasdelays and subsequent challenges obtaiearty SARS CoV-2
genetic sequence data and access to initial viral strains. Epidemiologicahddtsting for SARE0V-

2 of uman and animal blood samples obtained prior to the start of the par@geminot been published
or shared by China. These samp@esessential in evaluating the possible zoonotic origins of SARS
CoV-2. Beginning in March 2020, Chiregan censoringcientific publications related to the origins of
the SARSCoV-2 virus, timing and possibkourceof the initial outbreak. China alstid not respond to
requests for information animnited the investigative efforts by the World Health Organization (WHO).

Congressionalammittee jurisdictional limitationpreventedequesting information from
Executive Branch departments and agencies that were not subject to the Senate Health, Education, Labor
and PensiofHELP) Committeds oversight. In particulaprogiams and related grantsanaged by the
Departments of Defense and StaiheSt at e Depart ment6s U.S. Agency fo
PREDICT program wasof specific interest and relevanctSAID awardedyrants to China and the
Wuhan Institute of Virtogy for bat related coronavirus research pertinent to the scope of this
investigation

Finally, despits¢ he HEL P Cjorisdintional oeeesighd of the Department of Health and
Human Services and specifically the National Instiaitallergies andnfectious DiseaseNIAID) ,
request forinformationaboutrelevant grants to EcoHealth Alliance and its subgratitee/Nuhan
institute of Virology were often delag,sometimes incomplete or unfulfilled. Valuable insight
concerning NIAID and EcoHealtelevant activities and communicationsre obtained through public
Freedom of Information Act (FOIA) requests by third parties who then made them publicly available.
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Part I.
Chapter 1. What is SARSCoV-2 and Where is it From?

Introduction
1. Coronaviruses

Viruses are infectious microbes, roteliving cells. Viruses lack the basic capabilities of living
cells to generate energy or repliciteThey are inertTo replicate and grow they must infect a susceptible
living cell and commandeerahcells replication machinefy As a result of this process, viruses aften
harmful to the cells they infeét! They frequently damage or kill the cethile infecting and replicating.
Viruses are made up of genetic materiaither RNA or DNA deperidg on the type of virué surrounded
by a protective protein coat known as a cap8i8ome viruses havelipid envelope that coat the capsid.
Once a virus attaches to a host <cell, the virus
codethatallows it to take over the host cell functions to manufacture viral proteins to make more Vfruses.

There are 26 different families of viruses that infect humBash family have different shap&s.
The arrangement of protetapsidor its lipid envelop&etermines the shape of the vitékCoronaviruses
are characterized by an outer layer of proteins shaped like spikies envelopethat allows the virus to
attach to specific receptors on the exterior of host £€lEhis shape ige it the appearance of a crown
hence its name.

Coronaviruses are a large and diverse family of viruses. They can infect a wide range of birds and
mammals:*® Coronavirus are composed of 30,000 nucleotide pairs and are some of theRbiRyesLses
in existencé?! They fall into four subcategoriésalpha, beta, gamma, and déftdThe preponderance of
important potential pandemic causing coronavirusesbata coronaviruse'$® Beta coronaviruses are
divided into five subgenera: sarbecovirus, hibéemsy nobecovirus, merbecovirus and embecovitts.
The 2003 Severe Adult Respiratory Syndrome (SARS) yviBdsRSrelated viruses that includ®@ARS
CoV-2 are sarbecovirusé®.SARS-CoV-2 has not been previously found in humans or anitiaigiddle
East Respiratory Syndrome (MERS) is a merbecovirfiSoronaviruses that cause the common cold are
principally alphacoronavirusesbut also include two betoronaviruses (OC43 and HK.).148
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Figure 2. Phylogenetic treef coronavirusspikeprotein
sequencesA) Noting genera of coronavirus. B) Subtree

Coronaviruses,similar to influenza,
have demonstrated a keen ability to adapt to
new hostsand environments and change or
mutate in the face of different selective
pressures in nature!’® The emergence of a
novel influenzaor coronavirus virus present the
possibility of human adapted strains that could
cause serious outbreak®

RNA viruses, such as influenza and
coronaviruses, evolve rapidly and more
frequently than DNA viruse&! Adaptability
and high mutations rates can make RNA viruses
particularly difficult to prevent or treat with
vaccines or drug therapie$? Evolution
happens through two processes, mutation and
recombinationt®® Mutations, where a one or
more amino acids are switch for another amino
acid, can occur during replicationt>
Coronaviruses, like other RNA viruses, have
higher mutation rates than DNA viruses
because they have a weaker proeding
mechanism meaning that errors during viral
replication are less likely to be correct®d.
These higher mutation rates during viral
replication produces large numbers of offspring
varians that are different from the parent
strain®® The majority of mutations are
not beneficial and result in narable or unfit
virus strains that cannot infear replicate.
However, sometimes mutation may result in
adaptive advantages over the parent vifds.
This can cause a change in infectivity and

of Betacoronavirusnoting subgenera virulence, the ability to infect new species (increased viral
Source: Wu, Y., & Zhao, S. (2020). Furin cleavage sites natt tropism) andallow the virusto evadetherapeutis and

occur in coronavirusestem cell researctb0, 102115. Advanct
online publicationhttps://doi.org/10.1016/j.scr.2020.10211!

vaccineg?>8

Modern genetic sequencing technology allows scientists to mahitdr mutationsPathogens
circulating in the environment, whether through human ormoman hosts, accumulate genetic mutations
over time at a predictable rate (knownvasl evolution).'®® This process happens with greater frequency

1 Selective pressurén evolutionary theory, the effect on survival adgecief the sum o#ll factors, physical and
behavioral, inherent and environmental; especially as an inherited trait may marginally effect survival under the
influence of these factorSourcehttps://www.genscript.com/biologglossary/2661/selectiveressure
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among RNA viruses. This predictable rateesblutiono v e r time allows virologi

emergence and divergence from ancestor strains with a high degree of aécthizcis he secalled
molecular clock, which has been used by virologists since the 1860s.

For example, it was possible to date evolutionary mutation changes in the first waves of the 2009
H1N1 pandemic influenza virus to within a matter of we€kBecause infienza viruses evolve relatively
rapidly, they provide a rich chronology of genetic charfigesesearcherd-or example,his molecular
clock is important for evaluating the length of time since two circulating viruses evolved from a common
ancestot®? Reevant to this investigation, it is also a useful tool for estimating how long a virus has been
in wide circulation in a population or affected populations.

Another important way viruses mutate is through recombinatforhis is when different viral
strains infect a single host and the host serves as a mixing vessel where genetic material can be
exchanged®1® |t is an important mechanism of change for coronavirtf$&ats serve as an important
mixing vessel since thesansimultaneously harbor several different coronavirus species and &tfdihs.
frequency of recombination varies among the coronaviruses, including Sarbecovirusesbh@ARS
cororavirus or SARSrelated coronaviruses) like SARSoV-2 168

Figure3. Schematic of viral recombination when two different variants infect the same cell at the same time.
Sourcehttps://www.weforum.org/agenda/2022/04/omicsanvirologistvariantscovid19

In the case oBARSrelatedviruses, recombinatioavents are generally associated with mixing of
strains within its subgenus. Viruses in differéeta coronavirusesubgenera do not generally exchange
RNA with one anothe¥® In other words, coronaviruses that are too dissimilar cannot successfully share
genetic material. Recombination has important public health implicdtid@hanges that occilrecause
of recombination can impact diagnostic tests. Recombination carealdbin rapid escape from naturally
acquired immunity. As already documented, SARS/-2 variant strains resulting from recombination
showedability to evade both natural and vaccine induced immdufity.

2. SARS-CoV-2

a. Overview
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SARSCoV-2 has a singlstranded RNA genome with approximately 30,000 nucleotitias
could code encode up to 10,000 amino ati#iEach group of three nucleotides encodes a particular amino
acid. In addition, SAREoV-26s nucl eotides form 29 disfrutterecd nt pr c
SARSCoV-2 or are responsible for carrying out specific viral functions. Four of these proteins, called
structural proteins, make up the structure of SARY-2.
Table2. Coronavirus Structural Proteins & related function

Structural Protein Function
Spike Protein (S Protein) Mediates Co\entry into host cells
by first binding to a host receptor
(ACE2) and then fusing viral and
host membranes
Envelope Protein (E Protein) | Plays a major role in pathogenes
virus assembly, and release
Membrane Protein (M Protein) | Helps to facilitate the wiecular
assembly of virus particles and m,
be involved in pathogenesis
Nucleocapsid Protein (N Protein) Participates in RNA packagin(
facilitates virion assembly, an
enhances transcription efficiency

The remaining 25 proteins, callesbn-structural proteins, control how the virus replicates and
avoids host cell immune response, among other functidméon-structural proteins are further delineated
by number of open reading frames (ORFs). The-stouctural proteins in ORFs affect tlseverity
(virulence) and nature of infection (pathogenicity) of SAB®V-2.1"4For example, ORF 3b, ORF 6, and
N proteins have been identified to block interferon, a key component of the human innate immune
responsé’®
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Figure3. Schematic representation of SARSV-2 genetic maekup and structure
Sourcehttps://sars2cov.wordpress.com/virology/
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b. SARSCoV-26s Spi ke Protein

Like othercoronaviruses, the surface of SAR!
CoV-2 has fAspikeo proteins
to how SARSCoV-2 enters cells. SAREoV-2 6 s ¢
protein, like those of SARS, binds with the cellul:
receptor angiotensin converting enzyme 2 (ACE2As
its name suggests, ACE2 is an enzyme that is attache
the cell me mb r a n*&'’8 In humans
ACE2 is found in many different types of cells, includir
lung, heart, blood vessels, kidneys, liver, and 1
stomach-"®

—

e the

RN - 'lpf VAl
ACE206s nor mal f unct i « Figure4 Computergenerated image of the spike g r ge

P protein of a SARSCoV-2 cell (COVID-19) bonding tc
proteins into smaller segmisnthat can be absorbed b the ACE2 protein receptor of a human cell. Throu

cel®*These proteins then iy connection, the viral celmntransfer their DNA NS t T U
it to perform certain actions that regulate key bo and reproduce.

functions, such as blood pressure and wout https://www.uwec.edu/news/news/chemifdnulty-
healing!®2183 ACE2 receptors provide an entry point fc publishresearchaboutcovid19-4298/

proteins, it can also provide an entry point for viruses,

who are also seeking to Ainsttucto the cell to pr.
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Figure5. Schematic of the SARSCoV-2 Jike protein. a. Theschematic structure of the S protdiriThe S
protein binds to the receptor ACEZThe binding and viruscell fusion process mediated by the S protéifhe
life cycle of SARSCoV-2 in host cells.Huang, Y., Yang, C., Xu, Xf. et al. Structural and fumcal properties of
SARSCoV-2 spike protein: potential antivirus drug development for CO¥#D Acta Pharmacol Sin 41, 1141
1149 (2020)Source:https://doi.org/10.1038/s4146020-0485

Structurally, SARSCoV-26s spi ke protein i s 1,273 nucl eot
approximately 4.7% of SARB0V-2 genomé® The spike protein is divided into two sulitisnsubunit 1
(S1) and subunit 2 (S2), each has a different function in facilitating cellular*&ybunit 1 contains a
structure called the receptor binding domain (RBe RBD attaches to the ACE2 receptors of susceptible
host cells to infect thdh o s t . Once attached, the S1 acts 1|ike
membrane. The S2 subunit is responsible for fusing SEB%-2 membrane to the membrane of a soon
to-be-infected host ce®” Fusing the membranes together results in theselef SARSCoV-2 genetic

materi al into the host cel |, this materi al then b
begins replicating the virdg®
Subunit 1 Subunit 2

Figure6. Schematic of SAR€0V-2 virus Spike (s) Protein relationship with S1 & S2 siitsu
Source hitps://www.biocat.com/cororaroteins

The SARSCoV-2 spike protein, particularly the S1 subunit that is directly next to the RBD, is
prone to mutation, particularly as the virus adapts to new H8stest adaptation can increase its efficiency
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binding to human cell receptors and can increase the range of other mammals it calt ibpetimental
in vitro andin vivo serial passage of SARS coronaviruses can lead to not only adaptation to new species
but enhancer lesservirulence!9192193

Compared to SARS and MERS, SAR®V-2 was well adapted for human infection and highly
transmissible early in outbred®% Over the first year of the pandenriglatively modesgenetic change
was observed across hundreds of thousands samples from €Vpatients® Early SARSCoV-2
samples were nearly genetically the same, meaning that the virus had not been circulating for a long enough
period of time to accumulate signifidagenetic diversity (viruses accumulate mutations at a predictable
rate)!®’ These characteristics of SAR®V-2 caused one researchercomment

[Wlhat's been so surprising is just how transmissible SARS-2 has been from the
outset. Usually, virusesthat jump to a new host species take some time to acquire
adaptations to be as capable as SARY-2 at spreading, and most never make it past that
stage, resulting in deaehd spillovers or localised outbreaks.

Analyses ofthe evolution of SARSCoV-2 and its close relatives suggest its affinity for human
ACE2 receptors and efficient humémhuman transmission may already have been present in bat viral
ancestorst®2 Early efforts to identify mutations associated with circulation in an intermediate host
species failed to identify animal species that were good candidates to have helpe€®ARSdapt
humang®+2°2 The emergence of more transmissible variants sucleks &d Omicron shows that SARS
CoV-2 continues to adapt to humafsln maintaining fitness for human infection, SAR®V-2 is doing
so in the face of selective pressure of vaccinatiomaaralinfection-acquired immunity°4

i. SARSCoV-26s FurineCleavage Sit

SARSCoV-2 is the firstSARSrelatedsarbecwirus found with a furin cleavage s#®.Furin
cleavage sites (FCS) are found in other human pathogens such as avian influenza, HIV and Ebola viruses

and are known to increase their infectivityd pathogenest®® SARSCoV-26s novel furin cl
consists of a five amino acid (15 nucleotidejjsence at the junction of the S1 and S2 subdffihis
seguence consists of five amino acids: (1) Prolin

Al anine (AA0), and (5) Arginine, c &% Aumdoraliyvhe!l y t hi
FCS is a breakpoint in the spike proteandallows the enzymeurin, which is found in many different

human cells including lung cells, to split or cleave the spike protein right at the point where the S1 and S2
subunits split® Its locaton is critical, it ensures the spike protein is cleaved in the correct place for the S2

unit to facilitate cell entry and for the S1 to increase pathogeti€Hishe furin cleavage site was located
somewhere else in the spike protein, it would not beffastive?'!
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Figure7. Schematic of SARE0V-2 virus Spike (s) Protein relationship with S1 & S2 subuifaurin Cleavage
Site. Source:Adapted fromhttps://www.biocat.com/cororproteins

The FCS in SARSCoV-2, and its relevance to determining the originghefvirus, has been the

subject of scientific and publicethate. As a general matter, furin cleavage sites are found in multiple
families of coronaviruses including rodebeta coronavirusef the embecoviruslineage, avian
coronaviruses of thgamma virudineage and certain feline and canaghacoronaviruse$'? SARSCoV-
2 is the firstSARSrelatedcoronavirus found with a furin cleavage sitéThe most closely related
coronavirugsto SARSCoV-2 isRaTG13and BANAL-52thatlikely evolved from their common ancestor
several decades agmddo not havea FCS 214?1> The MERScoronavirus virughat hasa furin cleavage
siteis only 50% similawhole genomejo SARSCov-2.21¢

Evidence to date indicate SAR®V-2 could originally result from eecombination of sequences
pre-existing inRhinolophudats living in the extensive limestone cave systems of Southeast Asia and South
China.?’” It has been suggested that the SARS/-2 furin cleavage site could originate from
recombination eventsvith asyet-undiscoveredSARSCoV-2-related coronaviruses aurculating in
bat5218219

This investigation is aware of a yet unpublished Defense Advance Research Projects Agency
(DARPA) sponsored sty evaluating the rate of recombination events among coronaviruses. The study
evaluated the likelihood of recombination events in relation with the gemeticgeographic distance
betweendifferent betacoronaviruses. The study found, that although redaation is a common event
among members of the coronavirus family, the frequency of the event decays with increasingagdnetic
geographiaistance. Nearly 90% of all recombination events occur between strains that are less than 20%
divergent at the nucttide level in the core genome.

In other words, within SARSelated coronaviruses, recombination involving any part of the
genome, including the spike protein, is taitlly a random event. Based on historical data, recombination
only happens between closely related species. While undersampling of-i8RRS coronaviruses
cautions against drawing definitive conclusions, none of the coronaviruses with @léanmage site
discovered to date havenaremotelikelihood of successfully recombining with SARRV-2 or a closely
related virusin close physical proximityAs a result of this analysis, the possibility that SARS/-2
acquired its furin cleavage site by recombinafimm other known species of coronavirus are low.
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If recombination is unlikely to be therigin of the furin cleavage site, SARSoV-2 may have
acquired it naturally through a series of very specific mutations at the S1/S2 junction, not seen in other
SARS-related viruses identified to datéeveral SARSelated viruses similar to SARSoV-2 have partial
cleavage sites at the S1/S2 junction consisting of three amino acids. Batsraithkeservoirhost for
variety of coronaviruses includinARSCoV-2 . Coronaviruses typically in
tracts, which do not express fuff?.This has led scientists to believe that it is unlikely that SARS-2
furin cleavage site is the result of evolutionary pressures in bats. However; SRS 6fiin cleavage
site greatly enhances transmission and pathogenesis in humans. It is also critical foC®ARS
transmissionni ferrets one of the candidaiatermediatehost species for SARGoV-2, and likely plays
an important role in SARE€0V-2 6 s lityaobinfect a broad range of mammal speéé4s a result, it has
been speculated that SAR®V-26s furin cleavage site ewatdtioned as a
either in people or another intermediate host spééies.

Mutations occur randomly of which there are almost 60r@@feic basesmn SARSCoV-2, across
thevi r us 6 s Thgre ar® approximately 30,000 nucleotides in the genome, which could encode
10,0000 amino acids. Mutations can also be insertions or dalefiorucleic acids that mayot involve
just one amino acidlhe probability of mutations resulting in the five amino acid sequence that comprises
the furin cleavage site is low, but not impossifilee available evidence suggests that the furin cleavage
dite represents aemote probability evolutionary event. Recombination represents the more likely
evolutionaryprocess butequires that an ancestor of SARSV-2 has a naturally occurring five amino
acid insertion at the S1/S2 junction, something to datseen in any other SAR8latedvirus.

Experiments conducted in 2012 demonstrated the possibility foath cleavage siteould
be acquired byn vitro serial passage. Researchsgdally grewa related bovine beta coronavirus
(embecovirus)n threedifferentcell types that resulted infarin cleavage sité? In this study, he
five aminoacidsequence resulted after four to five serial viral passages.

Alternatively, it has been speculated that SARS/-2 6 s f ur i ne isceliderce thagjtee s i t
virus has been subjected to genetic manipulattdRSCoV-2 6 s furin cl eavage site
French researchers whose findings were published on February 822D@ paper noted the insertion of
a furin cleavage site in gammacoronavirugoultry infectious bronchitis virus increased pathogenicity
with pronounced nerve cell tropism and neural symptoms. Further, the researchers concluded the furin
cleavage site cad provide a gairof-function for efficient spreading in the human population compared to
other beta coronaviruseske SARSCoV-1.22° The plausibility of inserting the five amino acfdrin
cleavagesequence o a SARS virus was first demonstrated in 28@d repeated in 2068227

Notably, theWlIVd SARSrelated coronavirus research team, led by ZHdr&hi, coauthored a
Nature paper published on February 3, 2020 analyzing SARS-2 6 s g e nmateng mehtiort of
the furin cleavage site and excluded its amino acid sequence from figures depicting the premint
article submitted by other researchers from China in Eteary 2020 identified the SARSoV-2 furin
cleavage site about the same tim&biZhengld s publ i cati on. I't was submitt
Academies of Sciencand laterpublished in theChineseJournal of Bioinformatic$?® The presence of
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SARSCoV-26s furin cleavage site, C o aicorbnauitus vesearth htbh e v r
had led to speculation that it was deliberately inserted:

éfurin cleavage sites at the interface of the |
widely in beta coronavirusea the embeco lineage (whielmeof rodent origin) as well as

in avianorigin gamma coronavirusesnd certain feline and canine alphacoronaviruses

(with an unknown origin). Furin cleavage sites are also found in certaoribat MERS

like merbecovirises, but ndtwith the exception of SARE0V-20 in the sarbecovirus

lineage.The presence of a furin déavage motif at the SARSCoV-2 ST S2 interface is

therefore highly unusual, leading to the smoking gun hypothesisf manipulation that

has recently gained considerable attention as a possible origin of-GARS2%°

ii. QTQTN Sequence

Impaired or dysfunional immune responses are a common feature of severe GOV/ID
infections?°SARSCoV-2 has a second amino acid sequence i mn
cleavage site that may be responsi bl e thechanges me of
in the i mmune systemods r-€aovR&FiTisssequeme oonsists 6f iveamia  wi t h
aci ds: (1) Glutamine (abbreviated fnQO0), (2) Thr e
Asparagine (ANO), ecoalsl eacbtbirveevliya ttehdi si QsTeQyTuNeon.

Furin Cleavage Site / Start of 52 Subunit

( \

Q T QTNUPIRRAR|JS YV

S1 Cleavage Site

Figure8. Schematic of SAR&0V-2 virus relationship of S1 QTQTNS sequence with Furin Cleavag&Sitece:
Adapted fronhttps://www.biocat.com/cororgroteins

Studies conducted in 2020 and 2021 involving SARV-2 demonstrate a potential relationship
between the furicleavage site and the QTQTN sequefide furin cleavage site is essential for infection
of human lung cells but does not increase the sewvaripathogenesis, aEOVID-19 infections’*? The
QTQTN amino acid sequence, which immediately precedes thedi@avage site, appears to play an
important role in the severity of COVHD9 infections.

Researchers have created infectious variants of SB®R52 virus without the furin cleavage site
and deletions of this QTQTN motif. Syrian hamsters infected 8##RS-CoV-2 viral variants without the
QTQTN sequence have attenuated disease compatemimsters infected witBARSCoV-2 with the
QTQTN init.2%3In experiments with hamsters infected with the vijide SARSCoV-2 or variant viruses
without the furin cleavag site and part of the QTQTN sequence, the immune responses are different.
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Hamsters infected with the wiltype virus have higher levels of inflammatory cytokines. Similar variants
deleting only the furin cleavage site have similar attenuation in expetsmvith hamsters and transgenic
mice. The loss of the furin cleavage site also result in lower levels of inflammatory metiators.

With respect to origins, several of the viruses most closely related to-EARS also have the
QTQTN sequencicated in the same section of the spike protein as SB®%2. This includes at least
one virus RaTG13) that otherwise has a very different spike protein from SARS-2. It also includes
oneof the pangolin associated coreirases(GD-pangolin) thatlsares this same sequence and is identical
to SARSCoV-2 in the 5 critical residues making up the receptor binding do(RBD)(Figure 9)*° As
will be discussed in greater detadldw, these closely related viruses are found in a geographical area
spanniig southern Yunnan Province, China and northern half of Laos. This suggests that the QTQTN
sequence may be an ancestral trait of ceB&iRSrelatedviruses.

RBD
SARS-CoV —_—
] ] [wew | | B [ [ouer]
| T T 1 T T T T T T 1
113 297 306 424 494 517 66T BHE 770 TBE B804 966 1,145 1,195 1,2191,255
SARS-CoV-2
e 1 [ n I ] | | [Fr] [ HR1 | [ HR2 [T™[cr]
1 1 T I T T T I T T 1
113 305 319 437 508541 685 686 T8 B06 912 984 1,163 12131237 1273
———————————————————————————————————————————————————————————— |
, : i Polybasic cleavage site !
i
! X i SARS-CoV-2 67501 o1 v s R s v A s os 691 |
| | . : B]Olﬁﬁ]}-'l‘,‘SlL————k.l'l5()k\573i
| X H RaTG13 6750 1 o1 N s SNl R 5 v A 5 o5 687 !
\ | GXpangolin 6711 s ms s L[= = aillg 5 v N 0k 5 683 !
' :G[)pangoljn 671 o1 o7 n s IR 5 V 5 5 QA 683 |
Lo RmYNOZ 635 - - - - n s JERSREMI R - v G T N 5 645 |
‘.\i BatWIVL 662 1 Tvss L[ 8 e ek s T s 0kKs 674 |
S5ARS-CoV-2  Human L F Q S N
SARS-CoV Human Y(442) L{472) N(479) D(480) T(487)
RaTG13 Rhinoclophus affinis L L Y R N
GX pangolin  Pangolin L L E R T
GD pangolin  Pangolin L F Q S N
RmYNO2 Rhinolophus malayanus 5(429) - 5(453) T(454) V{461)
Bat WIV1 Rhinolophus sinicus 5(443) F(473) N({480) D(481) N{488)

Figure9. Schematic diagram of the spike (S) protein of severe acute respsgtainome coronavirus (SARSoV)
and SARSCoV-2. The residue numbers of each region correspond to their positions in the S proteins @@ARS
and SARSCoV-2. The dark blue blocks represent insertions in the S protein. The insertions at amino a&é4 675
of the SARSCoV-2 S protein are shown in an enlargement at the bottom right and aligned with those of other
coronaviruses in the same region. The tritical residues in the RBD of SARS0V-2 and other viruses are shown
in theRBD labeledable SourceHu, B., Guo, H., Zhou, P., & Shi, Z. L. (2021). Characteristics of S&RS8-2 and

COVID-19. Nature reviews. Microbiology9(3), 141154.https://doi.org/10.1038/s4154¥%0-004597

iii. Integrin Receptor

In February 2020, Swiss researchers identified an integrin receptorin-GAR2 6 s r-ecept or
bindingdomain (RBD) located approximately 39 amma@ i ds fAupstreamo of the sec
binding to the ACE2 receptdt’ Integrins are a large family of cellular recept&fDistinct from the
ACE?2 receptors found in SAR®Iated viruses, integrins are found in a diverse set ofatoting,
inflammatory, neoplastic (cancer) and infectious dised%&sviral infections, integrins are involved in a
variety of host cellular functions related to infectivity and viruleti€e.
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A number of viruses bind to integrin receptors as a meaingeafting human cell&! The

sequence

of

t hi

S

part.i

cul

ar

integrin

S

onl

y

Glycineand@BSopartic chdil ke c(tDavde)l FAOgMRR@GD sequence is only

found in SARSCoV-2. In the Swiss study, this sequence wasfound in 30 related coronavirus spike

proteins and 155 SARS sequences exaniffats presenceepresents a single nucleic acid substitution
of the genetic sequence found in SARS resulting in the amino acididegiather than Lysine. The

presence of this integrin represents another novel feature of -EARS representing an alternative,
independent cellular binding and viral entry rotté#

Receptor-binding domain

_—
319 RGD

Figure10. Schematic representation of SAR®V-2 S-protein with a focus on the receptuinding domain. The sequences of

. cleavage

437~

541

1273

™|

508
—
-

~ACE2 binding
4 ~
VIAWNSNNLDSK
INTRNIDAT
TAKHDTG
INTAQQDOG
INTAKQDTG
NTAKQDVG
TMASVEDN-VT
ATVEHNLTT
YNLEARNVS
FYNLEARNVS
TLEKNNVT
SLEAINVT

12 betacoronavirugswere aligned using MAFFT (Katoh et al., 2019). The recefpitading domain and the ACE2 receptor
binding region are colored in blue and light blue, respectivdig. RGD motif of SARSCoV-2 is highlighted in color. Numbers

refer to the SARSCoV-2 spike protein sequencgource: Sigrist, C. J., Bridge, A., & Le Mercier, P. (2020). A potential role for

integrins in host cell entry by SAR®V-2. Antiviral research,177, 104759https://doi.org/10.1016/j.antiviral.2020.104759

The RGD motif is not found istrairs identified asRaTG 13 nor GD Pangolirf*5246 |t is,
however, found in a number of other SAR$ated coronaviruses, including Rco319, BANBR,

t hr e

BANAL -236, RshSTT182, Rs7924, RmYNO8, RsYNO4, and several others. Therefore, this motif is not
an unusual feature unique to SARSBV-2, unlike the furin @avage sitdts clinical implications are

significant.

Researchers from China and Ireland noted that the SB&RE2 integrin resulted in higher human

cell affinity compared with SAR%2*8 Their studies showed that the virus recognized integrin receptors
on human lung cells which accelerated the infection process and played an important role in promoting
rapid transmissiarf*® The RGD integrin also attaches to blood vessels afatelets causing clot

formation?*° Blood clots are a distinguishing pathological feature of severe S2&R82 infection that

include strokes, myocardial infarctions (heart attacks), pulmonary and venous emboli. Autopsies of
COVID-19 patients showed uniqe#tting features in small blood vessels of the heart, lungs, kidney and

liver.?5* These findingsndicate thatSARS CoV-2 infection resulin both activation of platelets and the

uncontrolled growth of new small blood vessels, called angiogenesis.
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SARSCoV-2 has more adverse effects on the cardiovascular system than other coronaviruses and
abnormal clotting distinct from other viral illness&32°32%* The presence of the integrin receptor in
SARSCoV-2 not only increases its virulence, causB@VID-1 9 @niue clinical pathological features,
but results in higher transmissibilityVith respect to origins, the presenceaof integrin receptor is a
single nucleic acid substitution resulting in@vel genetic findingn coronaviruss found in natureith
profound clinical and public health implications

3. Where is SARSCoV-2 From?

It is highly unlikely that SARSCoV-2 is a completely artificial creation. Even if the COVID
pandemic is the result of a researelated incident involving a chimerigirus or gain of function
experiment at the WIV, the vast majority of SAR®V-2 6s genome comes from natu
researchers would have likely started with fragments from naturally occurring viruses and combined those
fragments with a virus wheswhole genome they had successfully gré®Mor eov er |, WI'V sci ¢
research focused on SAR8lated viruses dragments of SARSelated viruses that they collected which
appeared to have the potential to infect humans and needed only small champpexmnately 12% of
a Vi r us 6°Thegetore,onmether the COVHDI pandemic is the result of the natural zoonotic
spillover of SARSCoV-2 or due to a researeblated incident, SARE0V-2 or a closely related progenitor
virus resides somewhere iatare.

The most likely candidate viral reservoirs are one or more species of horsesh&himat®ghus
bats) living in the extensive limestone cave systems of Southeast Asia and South China. Bats are the second
largest order of mammals, with over 102ecie$>’ They serve as the endemic animal reservainaoy

viruses. Li ke birds, another viral reservoir, bat
small body size, high population densities, close social interaction, spatial maiitythe ability to
colonize anthropogenic environmentso which all ow

to other vertebr #Ces oniavdélrwdiesg akcmamgs. & oBatsover 3
harbor the largest darsity of coronaviruses among mammals, includiega coronavirusesof which

SARSCoV-2 belongg®® Batsserve ashe endemic animal reservoirs for the progenitor viruses of SARS

and MERS%%261 The horseshoe bats species most likely to serve as the reservoir of@ARSinclude:

the Intermediate Horseshoe BaRh{nolophus affinls the Malayan Horseshoe BaRHKinolophus

malayanu} the Least Horseshoe B&Hinolophus pusillys and the MarsHal 6 s H ®Rhimlsphusa t (
marshallj).

Moreover, the coronaviruses discovered to date that are most closely related t&C8¥RSare
all bat coronaviruses discovered in southern China and Southeast Asia, including Laos, Thailand and
Cambodia?®? Notably, the progenitor virus for SARS and other viruses closely related to SARS were
discovered in southern China. Bat population density and species variety appear to play an important role
in shaping the evolution of SAR®Ilatedcoronaviruses.

Withinthisrgi on of Sout heast Asi a and-Co/iketirasesn Chi n e
are shared by different bat species, suggesting a possible circulation of viruses between different species
' iving sympatr i c%iIRésgarchers belidveetiths aimkitationeof/neuléiple dat species
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in the same caves increases likelihood of recombination events as multiple closely related, but distinct
viruses can infect a single bat giving viruses the opportunity to exchange genetic niéterial.
iRecombhasatbheoen associated with the expansion of
as well as changes in transmissibility and increases in virulence and pathogenesis, among other
characteristics. 265

o % Re-0319

SL-ZXC21

S \ 4 7 SL-ZC45
’ q- RaTG13
* X & RmYN02
h RacCS203

RShSTTI182

BANAL-236
. BANAL-27
o BANAL-52

Figurell. Figure 9: Distribution of bats species from which SAB®/-2-like viruses have been found.

Distribution of R. pusillugorange)R. affinis (blue), and R. malayanugieer). Sourcelslam, A., Ferdous, J., Sayeed,

M. A, Islam, S., Kaisar Rahman, M., AbirdJ., Saha, O., Hassan, M. M., & Shirin, T. (2021). Spatial epidemiology and genetic
diversity of SARSCoV-2 and related coronaviruses in domestic and wild anirf&d& one16(12), e0260635.
https://doi.org/10.1371/journal.pone.0260635

Geography, flight patterns, and the migration range of infected bat populations also appears to
impact where specificlusters of similaSARS related viruseare found. As aesult,closely related viruses
should cluster together geographically. Moreover, as bats migrate and travel to different cave systems, the
viruses they are infected with are presented with newrtyfities to infect other bats that they come into
close contact with. This in turn presents new opportunities for mutation and recombination events which
can result in a new virus with different traits that is less closely related to its ancestors.

In ealy 2019, researchers from the WIV published a paper analyzing how bat migration patterns
and flight range restrictions impacted the transmissi@A&Srelated virusewithin China2¢ They found
thatSARSrelated virusesnost closely related to SARS wdmind in the Southern Chinese provinces of
Yunnan, Guangxi, and Guizhou, which are adjacent to Laos, Cambodia, and Vietnam. Their findings
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suggests that the geographical range&SARSrelated virusess impactedby the range of infected bat
populations.

This appears to be the case with the closest known relatives to-SAR3, all of which appear
to have descended from a common ancestor shared with-EARS around 20 to 70 years agdThe
closest related bat coronavirus to SAR8V-2, as measuredybhighest average genetic similarity is
BANAL 52 which is approximately 96.8% similar to SAR®V-2 at the whole genome lev&t.It was
discovered in 2021 in Laos by a joint Laotiarench team along with two other closely relaB%RS
relatedcoronaviruse, BANAL 103 and BANAL 236 which are both 90% similar to SAB8V-2 at the
whole genome levéP® The three BANAL series viruses are also closely related to SBR&2 when
measured by the similarity of sections of their spike protéffithe RBDs of BANAL-52 and BANAL-
103 are 97.4% similar to the RBD of SARR®V-2. The RBD of BANAL:-236 is 96.9%ike that of SARS
CoVv-221

Figure12. Geographic distribution 3ARSrelatedviruses related to SARSoV-2 in China and Southeast Asia.

2The importance of geographic restrictions on the location of closely related $ARSIs corroborated by the

successful search for the likely natural reservoir of SARS. In 2013, WIV researchers found a virus 95.6% similar to
SARS in discovery of SAR&lated virus, WIV1, in a cave in Yunnan Provence. In 2017, WIV researchers discovered,
through additional sampling, that the same cave actual
SARS.https://www.ncbi.nlm.nih.gov/pmc/articles/PMC5708621/
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